The Johnson noise due to spontaneous fluctuations of the polarization field has been observed in the ferroelectric liquid crystal SCE-9 in a confined geometry. The noise vanishes in the paraelectric smectic-A phase. In the ferroelectric phase, the short-circuit power spectrum of the fluctuating electric current equals zero in the low-frequency limit and reaches a finite value at high frequencies. The fluctuating current power spectra are in excellent agreement with the generalized Nyquist theorem and are fully consistent with electro-optic linear response measurements. [S0031-9007(97) [5] , and metallic spin glasses [6] . In dielectrics and solid ferroelectrics [7] it is rather difficult to observe these phenomena due to the smallness of the fluctuating electric currents. In this Letter, we report what we believe to be the first observation of electrical current noise in a ferroelectric liquid crystal confined to a micrometer thick layer. The noise is due to spontaneous fluctuations of the electric polarization field and vanishes in the paraelectric phase. The method allows for a new form of nonperturbative testing of the collective dynamics of polar liquid crystals.
Polarization Noise in a Ferroelectric Liquid Crystal
The Johnson noise due to spontaneous fluctuations of the polarization field has been observed in the ferroelectric liquid crystal SCE-9 in a confined geometry. The noise vanishes in the paraelectric smectic-A phase. In the ferroelectric phase, the short-circuit power spectrum of the fluctuating electric current equals zero in the low-frequency limit and reaches a finite value at high frequencies. The fluctuating current power spectra are in excellent agreement with the generalized Nyquist Macroscopic manifestations of spontaneous fluctuations of natural systems have attracted a great interest since the pioneering work of Johnson [1] and Nyquist [2] on the electric noise in resistors. Since their time, a number of analogous phenomena have been observed in diverse condensed matter systems, such as magnetic materials [3] , biological systems and membranes [4] , spin-density-wave and charge-density-wave conductors [5] , and metallic spin glasses [6] . In dielectrics and solid ferroelectrics [7] it is rather difficult to observe these phenomena due to the smallness of the fluctuating electric currents. In this Letter, we report what we believe to be the first observation of electrical current noise in a ferroelectric liquid crystal confined to a micrometer thick layer. The noise is due to spontaneous fluctuations of the electric polarization field and vanishes in the paraelectric phase. The method allows for a new form of nonperturbative testing of the collective dynamics of polar liquid crystals.
Whenever there is long range order in a system there are spontaneous, thermally excited collective excitations present which tend to restore the symmetry that was broken by the onset of a long range order. In solid ferroelectrics and also in liquid crystalline ferroelectrics, the spontaneous fluctuations of the polarization field P͑ r, t͒ generate the polarization current density j ≠ P͞≠t, which can be detected by the dissipation of its power. The phenomenon is described by the well-known fluctuation-dissipation theorem [8] , which states a general relationship between the response of a given system to external fields and the spontaneous fluctuations in the absence of external disturbances. For dielectrics, this leads to a spectral power density S I ͑v͒ ͗dI 2 ͘͞dn of the polarization-fluctuation generated short-circuit current [7] S I ͑v͒ 4k B T vC 00 ͑v͒ .
(1) Here k B is the Boltzmann constant and T is the temperature of the capacitor C C 0 2 iC 00 , which is filled with a material with the dielectric constant´´0 2 i´0 0 . The meaning of Eq. (1) can be easily understood: Whenever a spontaneous current is created in the capacitor, it builds up an electric field across the electrodes. However, power can be dissipated only by the resistive component of the current that is in phase with the voltage. Such a displacement current can be generated only by the lossy part of the dielectric susceptibility and the available noise power k B Tdn is dissipated on the resistance 1͞vC 00 . The polarization noise is therefore the Johnson noise of this dissipation. As one can see from Eq. (1), the spectral power density of the polarization generated current is proportional to the imaginary part´0 0 ͑v͒ of the dielectric constant. This quantity is usually peaked around the characteristic relaxational or resonant frequency of the system, where the power dissipation is maximal. In view of experimental limitations it is therefore easier to observe polarization noise in systems with a slow dynamics, i.e., with long characteristic relaxation times, than in systems with a fast dynamics.
Ferroelectric smectic liquid crystals are dissipative systems with a nonzero spontaneous electric polarization and low frequency order parameter relaxation modes. In comparison to solid ferroelectrics, the characteristic relaxation rates are much lower and are in the kilohertz region. In the ferroelectric phase elongated chiral molecules with a large permanent electric dipole in the transverse direction are arranged in liquidlike smectic layers (for a review, see Ref. [9] ). The molecules are tilted with respect to the smectic layers and a macroscopic polarization appears in a direction perpendicular to the tilt plane due to the lack of mirror symmetry. The polarization is in this system a secondary order parameter, which is linearly coupled to the tilt angle. The spectrum of elementary excitations in bulk ferroelectric liquid crystals consists of an amplitude and a phase branch [9] . Here the gapless phason branch represents the symmetry restoring Goldstone mode of the system and describes the fluctuations in the position of the molecular director on the tilt cone. It is responsible for the giant electro-optic effect in ferroelectric liquid crystals due to its large susceptibility. When such a crystal is confined between two flat walls separated by a distance d, and the molecules are pinned to the confining surfaces, we get a solitonlike distortion of the phase profile across the cell [10] . For very strong surface anchoring, no collective excitation with a wavelength larger than the thickness of the cell can be spontaneously created in this system. This excludes the existence of the zero frequency Goldstone mode in such a confined system and the relaxational frequency of the lowest phase mode with the wave vector q 0 is finite, t 21 ഠ K͞gd 2 [11] . Here K is the elastic constant for the distortion of the phase profile across the cell and g is the viscosity coefficient. Typically, the relaxation rates of this polar mode, which represents spacecoherent reorientations of the finite macroscopic polarization across the cell, are of the order of a kilohertz. As a consequence, an external electric field can couple to this polar phase mode at q 0 and the dielectric constant of the confined ferroelectric liquid crystal shows a Debye-like dispersion´͑v͒ ´͑`͒ 1 D´͑͞1 1 ivt͒. Here t is the relaxational time and D´´͑0͒ 2´͑`͒ is the dielectric strength of the above polar phase mode.
A straightforward calculation shows that the spectral density of the polarization-fluctuations induced electric current through a short-circuit capacitor, filled with a ferroelectric liquid crystal, is
Here C 0 is the geometrical capacitance. In the low frequency limit v ! 0 the spectral density approaches zero, S I ! 0. On the other hand, the spectral power density of the noise current has a finite value 4k B TC 0 D´͞t in the high frequency limit v !`. Therefore there is a crossover at the characteristic frequency v 0 t 1. A rough estimate shows that the maximum rms current in the frequency window dn ഠ 10 Hz is of the order of 1 pA for a material with a static dielectric constant´͑0͒ 20, relaxation time t ഠ 1 ms, and empty cell capacitance of 200 pF. This is well within the experimentally accessible range of the electrical current noise measuring equipment. In solid ferroelectrics, one the other hand, t is of the order of 10 210 s, vt ø 1, and S I ͑v͒ is much too small to be observable.
The commercially available ferroelectric liquid crystal SCE-9 (BDH-Merck, England) was used in our experiment. Other ferroelectric crystals like Felix 013 (Hoechst, Germany) gave similar results. The SCE-9 liquid crystal has a rather large spontaneous polarization of 33 nC͞cm 2 at room temperature and the ferroelectric smectic-C ‫ء‬ phase exists between 334 and 253 K. The intrinsic helical period of this crystal is rather large, so that the structure is unwound in micrometer cells and the dynamics is determined by the boundary conditions at the surface of the cell. The crystal was sandwiched in between two glass plates, coated with ITO (indium-tin-oxide) electrodes. The overlapping area of the electrodes was several square millimeters. Several different cells with distances between the electrodes of 1 and 3 mm defined by glass spacers have been used. The ITO electrodes were coated with a very thin layer of nylon which was unidirectionaly rubbed to achieve a good alignment of a liquid crystal. The cell was placed in a temperature controlled oven with a temperature stability better than 0.1 K. Special attention was devoted to electromagnetic shielding and electric grounding of the sample. The oven was put in an iron box with 15 mm thick walls. The iron box was carefully sealed and served as an electromagnetic shield. The heater current and the temperature control signals were supplied via feed-through capacitiveinductive filters, buried in the iron walls, thus preventing the invasion of the outside electrical noise. A very short, high quality coaxial cable connected the cell with the lowimpedance current input of the Stanford SR530 lock-in amplifier, which served as a noise detector. The whole system was grounded to a single point, which was in turn grounded to a high-quality external ground. This resulted in a background noise level of ഠ0.1 pA in the frequency window dn ഠ 10 Hz except near the multiples of the 50 Hz frequency where the background noise was somewhat larger. We have also carefully checked the spectral power density of the intrinsic noise of the lock-in amplifier current inputs. We have observed that by connecting an ideal capacitor to the current input, a significant noise level was generated only at frequencies beyond a threshold frequency. This threshold frequency was typically in the 10 -30 kHz region and was somewhat lower for larger capacitance. In the experiment, we have carefully checked that the capacitance of the sample was always sufficiently small, so that the background noise of the lock in was always an order of magnitude smaller than the thermal noise generated by the sample.
The temperature dependence of the polarization noise on going from the paraelectric smectic-A phase to the ferroelectric smectic-C ‫ء‬ phase in a 1 mm thick sample of SCE-9 is shown in Fig. 1 . Whereas there is only a small background noise of ഠ0.1 pA in the paraelectric phase, the noise level significantly increases by entering the ferroelectric phase. The rms short-circuit current is in the ferroelectric phase within the theoretically estimated value of ഠ1 pA, expected for the polarization noise current. One   FIG. 1 . Temperature dependence of the polarization noise on going from the paraelectric smectic-A phase to the ferroelectric smectic-C ‫ء‬ phase in a 1 mm thick sample of SCE-9. These are raw data and no background has been subtracted. The onset of the polarization noise below T c is clearly visible. The data are scattered due to the intrinsic noise of the lock-in amplifier.
FIG. 2.
Square root of the short-circuit power spectra of the electric current, fluctuating through a 1 mm thick layer of a ferroelectric liquid crystal SCE-9. Note that close to the phase transition and in the ferroelectric phase, the power spectra deviate slightly from the expected power spectral density due to a single polarization relaxation mode. The solid lines are the best fit to Eq. (2). The background noise of the amplifier (typically 10%), which was determined deep in the paraelectric phase, has been subtracted.
can also note that at higher measuring frequencies, the current noise starts to increase slightly above the phase transition temperature T c . This was explained by measuring the spectral power density of the short-circuit electric current, which is shown in Fig. 2 for different temperatures. One can clearly see that deep in the paraelectric smectic-A phase, there is practically no detectable electrical noise, except for the high-frequency "shoulder" that shifts to the low-frequency side of the spectrum by decreasing the temperature. Several degrees below the temperature, where we first observe this peak in the current noise spectrum, the spectra stabilize and practically do not change by further cooling. In the very vicinity of the phase transition and in the ferroelectric phase, a slight deviation from the singlerelaxation spectral density is observed. This temperature dependence can be easily explained by the presence of the soft mode in the paraelectric smectic-A phase and a critical slowing down of this collective mode, which is a wellknown and well-understood phenomenon in ferroelectric liquid crystals [9] . The slight deviation of the spectra from the single-relaxation shape just below the phase transition is very probably due to the lifting of the degeneracy of the soft mode below T c and the splitting into a phason and amplitudon mode. This is however very difficult to resolve.
The shape of the spectra is exactly as one would expect from Eq. (2) and can be very well described by the Debye-like form for the imaginary part of the dielectric constant. The rms current amplitude at high frequencies is around 1 pA, which is exactly of the estimated order of magnitude. Moreover, the rms current scales, in agreement with Eq. (2), with the geometrical capacitance of different cells used in the experiments. This clearly demonstrates that the observed current spectra can indeed be attributed to spontaneous fluctuations of the polarization in ferroelectric liquid crystals. To exclude any other possibility, we have performed several additional checks of the observed phenomena. Using a linear electro-optic response technique [11] we have determined the temperature dependence of the relaxation rates of the polar phase mode that is presumably responsible for the electric current fluctuations. The results are shown in Fig. 3 and are in excellent agreement with the results of the noise power spectra measurements. Furthermore, we have measured the dispersion of´0 0 ͑v͒ using a capacitance bridge and compared the experimentally determined shape of the product v´0 0 ͑v͒ with the shape of the noise power spectra. This comparison is shown in the inset of Fig. 3 for a measurement deep in the ferroelectric phase. As one can see, the quantitative agreement is exceptionally good and leaves no doubt about the origin of the observed current spectra.
Finally, we comment on the observability of the Johnson noise due to fluctuations of the polarization field by measuring the voltage power spectra across an opencircuit capacitor [3, 7] . Our experiments, which have been performed on the same samples, indicate that there is always a significant voltage background present due to the Johnson noise of the Ohmic resistive currents in the sample. For a 1 MV sample, the expected voltage power FIG. 3 . Temperature dependence of the order parameter relaxation rates, as determined by the spectral power density measurements of the short-circuit current (full dots) and by the linear response technique (empty dots) in an 1 mm thick sample of SCE-9. The inset shows a comparison of the short-circuit current power density (empty dots) with the product v´0 0 ͑v͒, determined by the capacitance bridge.
spectral density due to Ohmic currents is of the order of ഠ140 nV s 21͞2 , whereas the corresponding current power spectral density is ഠ0.14 pA s 21͞2 . On the other hand, we estimate that the contribution of the polarization fluctuations to the voltage power spectra is ഠ100 nV s 21͞2 [7] , which is of the same order as the Ohmic background. Indeed, in the paraelectric phase, the measured background voltage power density across an open-circuit sample is of the order of ഠ150 nV s 21͞2 at a measuring frequency of 420 Hz. Although this noise slightly increases to ഠ 200 nV s 21͞2 in ferroelectric phase, it is nearly impossible to extract with reasonable accuracy the polarization voltage contribution because of the dominating Ohmic background.
In conclusion, we report what we believe to be the first experimental observation of the polarization noise in ferroelectrics. The observed spectra of the fluctuating current can be very well described by the generalized Nyquist relation for a linear dissipative system. The observed phenomenon is important, as it provides for the possibility of nonperturbative testing of the collective dynamics in liquid crystals. More importantly, the contributions of the high-frequency modes to the power spectrum of the noise current are significant. Whereas the high-frequency modes in liquid crystals are usually difficult to observe in a linear response experiment due to their small dielectric strength D´, the contribution of these modes to the short-circuit current noise spectra is enhanced as it is multiplied by their relaxational rate t 21 . This provides for a new possibility of detecting fast relaxing order parameter modes in liquid crystals in spite of their relatively small dielectric strength.
